Induced pluripotent stem cells (iPSCs) are regarded as a central tool to understand human biology in health and disease. Similarly, iPSCs from non-human primates should be a central tool to understand human evolution, in particular for assessing the conservation of regulatory networks in iPSC models. Here, we have generated human, gorilla, bonobo and cynomolgus monkey iPSCs and assess their usefulness in such a framework. We show that these cells are well comparable in their differentiation potential and are generally similar to human, cynomolgus and rhesus monkey embryonic stem cells (ESCs). RNA sequencing reveals that expression differences among clones, individuals and stem cell type are all of very similar magnitude within a species. In contrast, expression differences between closely related primate species are three times larger and most genes show significant expression differences among the analyzed species. However, pseudogenes differ more than twice as much, suggesting that evolution of expression levels in primate stem cells is rapid, but constrained. These patterns in pluripotent stem cells are comparable to those found in other tissues except testis. Hence, primate iPSCs reveal insights into general primate gene expression evolution and should provide a rich source to identify conserved and species-specific gene expression patterns for cellular phenotypes.
Introduction
Pluripotent stem cells (PSCs) allow experimental access to cell types and differentiation stages that are difficult or impossible to investigate in humans. Similarly, PSCs from non-human primates would allow to study the molecular and cellular basis of human-specific traits, as recently shown for the differential regulation of LINE-1 transposons in human and ape PSCs (Marchetto et al., 2013) . In addition to studying differences, human and non-human PSCs could be very useful to analyze conserved features of molecular and cellular phenotypes (Enard, 2012) . On the level of DNA, evolutionary conservation is an established and highly useful measure e.g. to infer the functional relevance of disease associated mutations (Cooper and Shendure, 2011) . In a similar manner, evolutionary conservation should be helpful to infer the functional relevance at the level of molecular and cellular phenotypes and it has been used e.g. to analyze regulatory networks of stress response in fungi (Roy et al., 2013) or to compare transcriptional patterns of human and murine immune cells (Shay et al., 2013) . Primate PSCs, in particular induced pluripotent stem cells (iPSCs) and their derivatives could be a practically feasible way to exploit this kind of information for humans' closest relatives. Although it has been shown that iPSCs can be generated from a range of primates (Marchetto et al., 2013; Wu et al., 2010; Wunderlich et al., 2012; Ben-Nun et al., 2011; Liu et al., 2008) , a quantitative assessment on how molecular phenotypes like expression patterns differ among primate PSCs has not been described. As a first step in this direction, we have generated and characterized human, gorilla, bonobo and cynomolgus monkey iPSCs. We demonstrate that they have comparable differentiation potentials that are similar to human, cynomolgus and rhesus monkey embryonic stem cells (ESCs), and that their gene expression patterns evolve fast, but under considerable constraint. Our results show that primate iPSCs can provide a rich source to identify conserved and species-specific gene expression patterns for cellular phenotypes in humans' closest relatives.
Material and methods
Generation, characterisation, culture and differentiation of iPS cells iPS cells were generated, cultivated and differentiated using standard procedures described in detail in the Supplemental experimental procedures.
Sequencing and primary data processing
Sequencing libraries were pooled in equimolar ratio and sequenced according to the manufacturer's instructions for single read multiplex experiments with 76 + 7 cycles on the Genome Analyzer IIx platform (v5 sequencing chemistry and v4 cluster generation kit). The standard protocol was followed except that an indexed control φX174 library (index TTGCCGC) was spiked into each lane, yielding approximately 1% control reads in each lane. Sequencing data was analyzed starting from BCL and CIF intensity files generated by the Illumina Genome Analyzer SCS 2.9/RTA 1.9 software. Ibis 1.1.6 was trained from the φX174 control reads of all lanes aligned to their reference sequence and then used to re-call bases and PHRED-like quality scores from intensity files (Kircher et al., 2009) . Only reads matching one of the used indexes or one-edit variants (Meyer and Kircher, 2010) were further processed and subjected to an adapter and chimera filter; removing artificial sequences and trimming adapter sequence starting at the read end . From this data, reads with more than 5 bases below a quality score of 15 as well as reads shorter than 60 bases after trimming were discarded, resulting in 104 million reads with an average of 4.3 million reads per library (Table S1 ). For the primate tissue data (Brawand et al., 2011) , Ibis called 76-bp raw reads were processed as described above. In addition, reads with low sequence complexity were removed by discarding reads with sequence entropy below 0.85, as these might result from the read out of image artifacts and could not be removed by a barcode filter used for the newly generated data. Data is available at GEO (http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE50781.
Mapping and expression level estimation
Human Ensemblv66 gene models (Curwen et al., 2004) for GRCh37 were transferred to the coordinates of the chimpanzee genome (CHIMP2.1.4), the gorilla genome (gorGor3.1) and the rhesus macaque genome (MMUL_1) using Ensembl Compara v66 six primate EPO whole genome alignments (Paten et al., 2008 (Paten et al., , 2009 . Since this version of Ensembl did not include a chimpanzee mitochondrial genome, the Ensembl Compara mitochondrial alignments were obtained from the v64 release. Further, the CHIMP2.1.4 genome was supplemented by the previously used mitochondrial genome. Exon start and end coordinates were independently transferred using the EPO alignments and only genes were used where (1) all exons and their respective start and end coordinates were assigned to a single chromosome/contig, (2) exons were on the same strand in each single species and (3) adjacent exons were not more than 1 Mb apart in the three species under consideration. Tophat 1.4.1 (Trapnell et al., 2009 ) was used to align sequences for each sample first to the inferred transcriptome of each species and the remaining reads to the reference sequence. We also aligned all samples to the mouse annotation (Ensembl v66) and mouse reference genome (musMus37). We removed all reads from the species alignments which aligned with the same or fewer mismatches to the mouse genome, resulting in an average of 3.2 million reads that could be mapped to the species genome per library (Table S1 ). Afterwards, gene models were quantified using Cufflinks 1.3.0 (Roberts et al., 2011) with activated fragment bias correction and correction for reads mapping to multiple genomic locations. For analysis, we only considered genes as detected with an FPKM value greater or equal to the size of the 95% FPKM-confidence interval (Nagaraj et al., 2011) . This resulted in 18,214 genes detected in at least one library and 2877 genes detected in all 23 libraries (see Table S2 for expression estimates of all genes).
Analysis of expression patterns
For all analyses, we used log2-transformed FPKM values since we are interested in relative differences. We excluded all 15 mitochondrially encoded genes since their larger sequence divergence causes mapping and hence quantification problems. PCA (Fig. S6A ), clustering analysis ( Fig. 2A ) and the distance for the technical replicates were done on the 2877 genes detected in all 23 RNA-Seq libraries. For all other purposes, we calculated FPKM values combining reads from technical replicates (Table S2 ). Hence, distances for PSCs (Figs. 2B and S6B and S6C) were calculated based on the 3414 genes detected in all 19 samples. For clustering and distance calculations including PSCs and tissues (Figs. 3, S7 and S8), we used the 2016 genes detected in all 63 tissue samples. Average linkage clustering (Figs. 2A and 3A) of Spearman rank correlations and distance calculations were done on mean centered samples and mean centered genes using R 2.13.1 (R Core Team, 2013) . When averaging the pairwise distances ( Fig. S6B ) for different groups (Fig. 2B) , we averaged the four pairwise distances of the replicates (N = 4), the average of the distances among clones for each species (N = 4), the average of the distances between individuals among the same PSC (4 pairwise comparisons for human individuals, 1 for macaque, N = 5), the average of the distances between ESCs and iPSCs (6 human, 1 macaque, N = 7), the average among all samples within a species (N = 5 species) and the average of the pairwise distance between each species pair (N = 6 when grouping the two macaque species together). The between and within distances for the tissues were calculated accordingly. However, since only one individual per species is available for testis, expression distance within a species needed to be imputed from the average expression distance in the other tissues. Since testis tends to have less variation in gene expression than other tissues (Khaitovich et al., 2005a) , this is conservative.
For expression analysis on the single gene level, we performed a one-way ANOVA with the factor species (combining rhesus and cynomolgus samples as before) on the FPKM values using R (R Core Team, 2013). The same was done for 100 random permutations of species labels and the FDR was estimated by the method of Benjamini and Yekutieli (Benjamini and Yekutieli, 2001) as implemented as part of the FUNC package (Prufer et al., 2007) . For the enrichment analysis, genes were ranked according to their Mean Sum of Square for the factor species, following the logic that differences within species are mainly non-genetic and hence need to be subtracted from the total variance. Significant GO categories (biological process only, term tables from 7/29/2012) with more than 20 detected genes were tested for high ranking and low ranking values using the Wilcoxon Rank test as implemented in FUNC (Prufer et al., 2007) . To identify the most specific categories we used the Refinement algorithm of FUNC (p-value cut-off of 0.01) and sorted categories based on their rank enrichment (Sum of ranks per gene in the group divided by the sum of ranks of all genes detected and annotated in the biological process ontology) as shown in Table S3 . The enrichment was overall significant as based on the global p-value given by FUNC from permutations across genes (p b 0.001 for high-ranking and low ranking categories). However the 100 random permutations show a similar profile of p-values resulting in a global p-value of 0.6 and 0.4 for high ranking and low ranking categories, respectively.
Results and discussion
Primate iPSCs proliferate and differentiate similar to human iPSCs and primate ESCs
We generated iPSCs from endothelial cells or fibroblasts of a gorilla (Gorilla gorilla), a bonobo (Pan paniscus) and a cynomolgus monkey (Macaca fascicularis). The culture characteristics and morphology of those iPSCs were very similar to human iPSCs and to human and macaque ESCs (Fig. 1) and generally resembled human pluripotent stem cells (PSCs) much more than murine PSCs. Immunocytological staining of iPSCs revealed expression of pluripotency markers including OCT4, NANOG, Tra-1-60, SSEA-3 and SSEA-4. As recently described (Suemori et al., 2001) , SSEA-3 expression could not be observed on cynomolgus PSCs, and sporadically only on rhesus monkey cells (Fig. 1) . Endogenous expression levels of OCT4, SOX2, NANOG and LIN28 in iPSCs were similar to ESC lines (data not shown). This suggests that the cells have been fully reprogrammed into iPSCs with normal karyotypes (Figs. S1A-S5A).
To assess the differentiation capacity of the iPSCs, we characterized their embryoid body formation in vitro. Transcripts of markers for all three germ layers could be detected at levels comparable to ESCs (data not shown), congruent with the immunocytological results (Figs. S1B-S5B). Transplantation into immunodeficient SCID-beige mice resulted in the formation of typical teratomas containing derivatives of all three germ layers (Figs. S1C-S4C). In summary, the generated iPSCs of bonobo, gorilla and cynomolgus monkey have characteristics that are well comparable to human and macaque pluripotent stem cells with respect to their morphology, culture characteristics, their expression of pluripotent markers and their differentiation capacities. 
Gene expression in primate PSCs evolves rapidly, but under constraint
To characterize and quantify molecular differences between the cells, we measured gene expression by mRNA sequencing in five gorilla, two bonobo and three macaque iPS clones as well as in three iPS clones from two human individuals, three human embryonic stem (ES) cell lines and three macaque ES cell lines (Tables S1 and S2). A visual inspection of the data by principal component analysis (Fig. S6A ) and hierarchical clustering ( Fig. 2A ) of the expression profiles shows that samples of the same species group together. To make a more quantitative assessment of the differences, we calculated the average squared Euclidian distance per gene between each pair of samples (Fig. S6B) , which is a suitable measure of gene expression divergence (Khaitovich et al., 2004; Pereira et al., 2009 ). Congruent with the pattern observed in the principal component and clustering analyses, we find that distances within a species are very similar between clones of the same individual and between clones of different individuals as well as between iPSCs and ESCs (Fig. 2B) . It is noteworthy, that the distances between clones derived from one individual are as big as the distances between different individuals, suggesting that the majority of gene expression differences within a species are not genetic. Further, it is relevant that distances among ESCs and iPSCs are as big as distances between ESCs and iPSCs. This supports the view that systematic expression differences between iPSCs and ESCs are not as important as the variation among individual PSC clones (Yamanaka, 2012; Bock et al., 2011) and suggests that this is a general phenomenon across primates (Fig. S6C ).
Compared to expression distances within species, the distances between the closely related species are more than 3-fold larger (Fig. 2B) . Hence, the genetic differences between species do have a strong impact on PSC gene expression despite the similar cellular characteristics described above. However, it is not clear to what extent these expression levels are constrained, i.e. how much bigger the distance would be, if gene expression levels could vary freely. Pseudogenes have been suggested as a measure for this neutral rate of gene expression evolution and were found to differ among primates to a similar extent as other genes (Khaitovich et al., 2005b) . However, microarrays were used in these analyses for which the background hybridization due to the expression of the parental genes is difficult to estimate. This is not the case for RNA-Seq data and hence we compared expression distances of the 40 pseudogenes that were expressed in all our 19 PSC samples to the remaining 3374 non-pseudogenes (N 99% protein-coding). While the distances within species were very similar in the two groups, pseudogenes had a 2.6-fold larger distance between species (Fig. 2C) . The distance between species includes the distance within species and this within distance is largely non-genetic as shown above. Hence, to estimate the expression distance due to genetic differences between species (expression divergence) it is necessary to subtract the distance within species from the distance between species. In the six comparisons among the analyzed species, non-pseudogenes have on average 27% (range 21% to 40%) of the divergence of pseudogenes, suggesting that more than half of the amount of possible, i.e. neutral, expression divergence is subject to negative selection in primate PSCs. In summary, we find that gene expression patterns between PSCs from primates evolve rapidly, but under considerable amounts of constraint.
Rate of gene expression evolution is comparable in PSCs and differentiated tissues
In order to relate the expression patterns of stem cells to those observed in differentiated tissues, we used published RNA-Seq data (Brawand et al., 2011 ) from brain (cerebellum and cortex), kidney, heart, liver and testis from humans, bonobos, gorillas and macaques. These 44 samples were generated and analyzed in the same way as the stem cell data (Table S2 ). Based on the 2023 genes detected in all 63 samples, expression patterns cluster generally according to their tissue and then according to their species (Fig. 3A) , as found previously (Brawand et al., 2011) . To quantify differences, we used again the average squared Euclidian distance per gene between each pair of samples (Fig. S7 ). Distances within species were generally smallest in PSCs, congruent with a smaller environmental component in cell culture compared to postmortem tissue samples (Fig. S8) . When subtracting this distance within species from the distance between species, the resulting expression divergence of PSCs was very similar compared to the other tissues ( Fig. 3B) , except for testis which has a higher divergence in agreement with previous results (Brawand et al., 2011; Khaitovich et al., 2005a) . Hence, gene expression diverges in PSCs as quickly as in most differentiated tissues. This is interesting since one could argue that PSCs might be much less affected by selection for different functions than differentiated tissues given that they need to proliferate and remain pluripotent in all the analyzed species. Therefore, their rate of expression divergence could be regarded as a lower bound for how much expression patterns diverge in primates without changes in cell function. Since this rate is not significantly different from most other tissues, the finding confirms the view that the majority of expression differences between primates are selectively neutral with testis as a notable, possible exception (Brawand et al., 2011; Khaitovich et al., 2004 Khaitovich et al., , 2005b .
Identification and distribution of differentially expressed genes reveal conserved biological processes
Next, we investigated expression differences in the PSCs on the level of genes and functional categories of genes using all 6486 genes detected in more than 50% of all samples and at least once per species. A large fraction of genes differ in their expression levels between species as e.g. 5845 genes are affected by the factor species at a false discovery rate (FDR) of 5% (Storey's q-value, Storey and Tibshirani, 2003) . Also a more conservative estimate that assesses the FDR based on permutations of species labels (Benjamini and Yekutieli, 2001; Prufer et al., 2007) , results in 3406 genes. Hence, it is less relevant whether a gene does or does not differ significantly among species, but rather how much it differs. Therefore, we ranked genes according to their mean sum of squares (MSq) for the factor species, i.e. genes that differ a lot between the species rank high and genes with very similar levels between species rank low. An enrichment analysis for variable (i.e. high-ranking) and conserved (i.e. low-ranking) groups of genes, revealed that by far the most significant (Wilcoxon rank test, p b 10-19) and strongest enrichment (3.3-fold higher average MSq), is seen for the group of 98 expressed pseudogenes. More than 80% of all non-pseudogenes show MSqs below the pseudogene average. This confirms the analysis of expression divergence of pseudogenes above and shows that also on the level of single genes, the vast majority of gene expression levels in PSCs evolve under constraint. Biological processes enriched for constrained genes (i.e. small MSq) include regulation of chromatin and regulation of transcription, indicating that these processes might evolve under particular constraint in PSCs (see Table S3 for results of all 1703 analyzed categories). Biological processes enriched for genes with large differences between species include e.g. negative regulation of epithelial cell proliferation. The 33 detected genes annotated in the group stem cell maintenance are not very enriched for large or small expression differences, indicating that this process has not been particularly affected during primate gene expression evolution. In general, there is no strong enrichment for functional categories since permutations of species labels result in similar numbers of conserved or variable categories (p = 0.4 and 0.6, respectively), indicating that factors influencing expression divergence are distributed across many annotated biological processes. However, analyses on their differentiated derivatives will G13a  G14  G12a  G12b  G11  G15  M3 1  M4 1  M2 1  M1 3a  M1 3b  B11  H11  B12  H12  H31  H21  H41  H51a  H51b  M1 2 For each species comparison, the divergence of the tissue (i.e. the distance within species subtracted from total distance between species that are plotted in Fig. S8 ) was scaled to the PSC divergence. Plotted are averages (± SEM) of the six pairwise species comparisons. The 95% confidence interval (CI) for the PSC divergence is shown in orange.
be needed to find out if this is generally the case and whether this is also true for the conservation and change of co-regulated gene networks.
Conclusions
In summary, we show that iPSCs are a practical and promising tool to analyse molecular and cellular phenotypes among primates. Despite very similar morphology, culture characteristics and general differentiation potential, expression differences between PSCs of the analyzed primates are more than 3-fold larger than differences between individual PSC clones. But since pseudogenes differ twice as much, expression levels are also constrained in their evolution. These patterns are of similar magnitude as in various somatic tissue types. Thus, primate iPSCs are likely to be informative for identifying conserved and derived expression patterns. Maybe the most informative will be the use of such cells to analyze the evolution of gene expression and regulatory networks during cell differentiation (e.g. Roy et al., 2013; Gifford et al., 2013) . Hence, we think that primate iPSCs will become an important tool for understanding primate evolution on a cellular and molecular level. Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.scr.2014.02.001.
